The novel and attractive antimicrobial drug target, glucosamine-1-phosphate acetyltransferase/Nacetylglucosamine-1-phosphate uridyltransferase (GlmU), is a bifunctional enzyme that catalyzes two sequential steps in the biosynthesis of UDP-GlcNAc, essential for both lipopolysaccharide and peptidoglycan in Gram positive and Gram negative bacteria. Glucosamine-1-phosphate acetyltransferase catalyzes the formation of N-acetylglucosamine-1-phosphate and N-acetylglucosamine-1-phosphate uridylyltransferase catalyzes the formation of UDP-GlcNAc. In this study, glmU genes from Escherichia coli and Bacillus subtilis were cloned and the corresponding proteins were produced in an E. coli BL21 (DE3) expression system. The kinetic parameters and reaction conditions, such as initial reaction rate, optimal temperature and pH, and the effect of Mg 2+ ion concentration of GlmU enzymes from E. coli (Ec-GlmU) and B. subtilis (Bs-GlmU) were detected. Compared to Ec-GlmU, Bs-GlmU exhibits much lower glucosamine-1-phosphate acetyltransferase activity. Based on the in silico results of a virtual amino acid mutation and molecular docking of Bs-GlmU, five mutants were successfully constructed to verify the predicted alterations of acetyltransferase activity. The result of point mutations indicated that the C405 and A380 residues played key role in catalytic mechanism of acetyltransferase of Bs-GlmU providing new insight into the reaction mechanism of GlmU enzymes and supporting the further development of antimicrobial drugs.
Introduction

Uridine 5
0 -diphospho N-acetylglucosamine (UDP-GIcNAc), an acetylated nucleotide sugar, plays an important role in the biochemistry of all living organisms. [1] [2] [3] As an essential substrate to synthesize many biomolecules, including lipopolysaccharide, peptidoglycan and oligosaccharides, UDP-GIcNAc has high potency to exploit pharmaceuticals and functional materials. 4, 5 However, due to the lack of an efficient method to synthesize this product, UDP-GlcNAc is in great demand and its price is notoriously high. 6, 7 Infection caused by pathogenic bacteria has become a serious threat to public health in recent years. A sharp rise in bacteria resistant to antibiotics has emerged as a serious issue which renders drugs ineffective for ghting against bacterial infection. 8, 9 Few new antibiotics to combat Grampositive organisms and no new drugs for Gram-negative pathogens have become available for clinical research or in the pharmaceutical market for last 40 years.
10-12
Recent research has suggested that enzymes involved in cell wall biosynthesis could be useful targets for developing new antibiotics. 13, 14 Peptidoglycan is a major component of the cell wall that provides structural strength and rigidity and is essential for survival and growth of the bacterium. [15] [16] [17] Peptidoglycan chains are made up of a repeating N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) units, which are cross linked by peptide bridges. 18 Several reactions in different cytoplasmic and membranes steps are involved in the biosynthesis of peptidoglycan. Three enzymes, glutamine fructose-6-phosphate transferase (GlmS), phosphoglucosamine mutase (GlmM) and glucosamine-1-phosphate acetyltransferase/N-acetylglucosamine-1-phosphate uridyl transferase (GlmU), participate in the synthesis of UDPGlcNAc, which is the main intermediate in the formation of peptidoglycan and lipid A. 16, 19, 20 Both peptidoglycan and lipid A are necessary for cell viability and perturbing UDP-GlcNAc synthesis which catalyzed by GlmU have grave effects on the tness of the bacteria.
21,22
GlmU catalyzes two consecutive reactions: the rst is an acetyltransferase reaction with the help of acetyl coenzyme A (Ac-CoA) to convert a-D-glucosamine-1-phosphate (GlcN1P) to Nacetyl a-D-glucosamine-1-phosphate (GlcNAc1P) and produces the by-product coenzyme A (CoA). The second step is a uridyltransferase reaction converting GlcNAc1P to UDP-GlcNAc using UTP as a uridyl group donor and releasing pyrophosphate (PPi). [23] [24] [25] The rst step is widespread in bacteria enzymes but is missing in humans, whereas the uridyltransferase step is present in enzymes of both bacteria and humans. 26, 27 The acetyltransferase domain could be a suitable target for developing nontoxic antibacterial inhibitors.
28
The study of Ec-GlmU have conrmed that the N-terminal portion of the enzyme contains the uridylyltransferase domain and the C-terminus functions as an acetyltransferase. 29, 30 The crystal structure of Ec-GlmU with multiple substrates revealed that the 2-amino group of GlcN-1-PO 4 is positioned in proximity to AcCoA to facilitate direct thioester attack by a ternary complex mechanism.
31, 32 The cell wall structure of Gram-positive bacteria is quite different to that of Gram-negative bacteria. There is urgent need to explore Grampositive bacteria such as B. subtilis since understanding BsGlmU will provide important information for developing novel inhibitors. However, there are few articles pertaining to Bs-GlmU. The GcaD protein in B. subtilis is the similar to GlmU with uridyltransferase activity but no acetyltransferase activity. 33, 34 In this study, Bs-GlmU is recombinant expressed and characterized and the structure model of Bs-GlmU is obtained. Based on the in silico results of virtual amino acid mutation and molecular docking of Bs-GlmU, ve mutants are constructed to investigate the mechanism and key amino acid residues of acetyltransferase in Bs-GlmU, providing a new template for understanding the structure and function of GlmU in Gram-positive bacteria. Our results will support further GlmU research and facilitate high-throughput inhibitor screening.
Materials and methods
Materials
Reagents related to E. coli and B. subtilis glmU gene cloning and site-directed mutagenesis were purchased from TakaRa Biotechnology Co., Ltd (Dalian, China). Competent cells E. coli DH5a and BL21 (DE3) were obtained from TIANGEN Biotech (Beijing, China). The Ni-NTA His-binding column from QAIGEN (Dusseldorf, Germany) was used for protein purication. The chemicals used for enzyme assays were purchased from SigmaAldrich Chemical Co. (St. Louis, MO, USA). All chemical reagents used in this study were analytical grade.
Nucleic acid manipulations
Genome DNA from E. coli and B. subtilis were prepared using a genome extraction kit (Sangon, Shanghai, China) as described in the manufacturer's handbook. The GlmU genes of E. coli (EcglmU) and B. subtilis (Bs-glmU) were amplied by PCR reaction using Prime STAR HS DNA Polymerase (TaKaRa, Dalian, China) from the genome DNA of E. coli and B. Subtilis strain respectively. The forward primer used for Ec-glmU was 5 
BS-GlmU C405A -F TGAAGATGGCGCGTTTATCGGCGCT AATTCCAACTTGGTTGCCCCT BS-GlmU C405A -R AGGGGCAACCAAGTTGGAATTAGC GCCGATAAACGCGCCATCTTCA pBS-GlmU C380A-C405S BS-GlmU C380A-C405S -F AAATTGAAGATGGCGCGTTTATCGGCAGC AATTCCAACTTGGTTGCCCCTGTC Gene of pBS-GlmU C380A as a template to construct pBS-GlmU C380A-C405S
BS-GlmU C380A-C405S -R GACAGGGGCAACCAAGTTGGAATTGCT GCCGATAAACGCGCCATCTTCAATTT pBS-GlmU V386C-C405S BS-GlmU V386C-C405S -F AAACCTGGGCTGC GGTTCAATTACTTGC AATTATGATGGAAAGA BS-GlmU V386C-C405S -R TCTTTCCATCATAATTGCA AGTAATTGAACCGCA GCCCAGGTTT a Mutated sites are marked in bold and underlined.
Expression and purication of Ec-GlmU and Bs-GlmU
Plasmids pET-Ec-glmU and pET-Bs-glmU were transformed into E. coli BL21 (DE3) (Novagen, Madison, WI, USA). The recombinant bacteria were induced to express recombinant Ec-GlmU and Bs-GlmU by adding isopropyl-b-D-thiogalactopyranoside (IPTG) at a nal concentration of 1 mM to a culture with OD 600 of approximately 0.6-0.8 and incubated at 37 C for 3 h. Cell cultures (1 L) were separated by centrifugation at 5000Âg for 20 min. The cell pellets were re-suspended in 35 mL of binding buffer (20 mM Tris-HCl, 500 mM NaCl, 20% Glycerin, 50 mM imidazole, pH 8.0) and lysis with 450 sonication pulses (400 W, 3 s with a 5 s interval) cooled in an ice water bath. [35] [36] [37] The suspension was centrifuged (11 000Âg at 4 C for 30 min), the supernatant passed through a 0.22 mm lter and applied to a HiTrap™ Chelating HP column (GE Healthcare, Piscataway, NJ, USA). The Ec-GlmU and Bs-GlmU were puried using the standard nickel affinity chromatography procedure with elution buffer (20 mM Tris-HCl, 500 mM NaCl, 20% glycerol, 500 mM imidazole, pH 8.0). The purity of the proteins was evaluated using SDS-PAGE and the concentrations were determined by a BCA Protein Assay Kit (Sangon, Shanghai, China). Elution fractions of the containing proteins of interest were held in storage buffer (20 mM Tris-HCl, 50 mM NaCl, 20% glycerin, pH 8.0) at À80 C. 
Enzymatic activity
The glucosamine-1-phosphate acetyltransferase activities of the wild-type and mutant GlmU were measured by a colorimetric microplate assay with 5, 5 0 -dithiobis (2-nitrobenzoic acid, DTNB). 38,39 The 50 mL reaction mixture (50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 0.5 mM GlcN-1-P, 0.5 mM AcCoA, and 0.5 ng puried GlmU protein) was incubated in a 96 well microtiter plate at 37 C for different time gradients from 1 min to 10 hours. The reaction was terminated by addition of 50 mL stop solution (50 mM Tris-HCl, 6.4 M guanidine hydrochloride, pH 8.0) and the mixture was incubated for 10 min at 37 C with 50 mL Ellman's reagent solution (0.2 mM DTNB in buffer [50 mM Tris-HCl, 1 mM EDTA, pH 8.0]). 35 The production of TNB 2À , generated from the reaction of CoA-SH and DTNB, was monitored at a wavelength of 412 nm. A blank control with GlcN-1-P and AcCoA with inactive GlmU was used to correct the trial errors generated from the -SH group of GlmU protein.
Molecular modeling and docking
The 3D model of full-length Bs-GlmU was obtained by the homology modeling method on I-TASSER server.
40
Five prokaryotic GlmU from E. coli K-12 (PDBID: 2OI5), M. tuberculosis Rv37 (PDBID: 3DK5-A), Streptococcus pneumonia (PDBID: 1HM9-A), Yersinia pestis (PDBID: 3FWW-A) and Haemophilus inuenza (PDBID: 2VOH-A) were selected as structural models to improve the accuracy of modeling. The initial AcCoA binding mode to Bs-GlmU was modeled through alignment of the EcGlmU and Bs-GlmU structures. Clashes between Bs-GlmU and AcCoA were removed by 2000 step energy minimization using NAMD2 program with CHARMM22 force eld.
41 AcCoA force eld parameter was assigned by the CHARMM General Force eld (CGenFF) program on ParamChem server. 42 The mutated structures were modeled by visual molecular dynamics, 43 and 2000 step energy minimization applied to rene the structures. All structural representations were drawn by visual molecular Dynamics Soware.
In vitro mutagenesis
Multiple protein sequences, including target protein sequences, were aligned and analyzed. The amino acid sites selected for mutation are shown in the Table 1 . In recent years, the method called Restriction Free (RF) cloning has been widely applied to insert desired DNA bases in mutation studies. 44, 45 This restriction free cloning PCR method was applied to construct the mutated genes from the wild-type Bs-glmU gene template using the primer pairs shown in Table 1 . For double mutation in plasmid, this method was used with DNA sequence analysis for site mutations one by one to obtain the required plasmid. The GlmU proteins were expressed with a C-terminal 6 Â His tag to allow protein purication that was provided by pET-21a (+) fused with an expression tag.
Kinetic studies of GlmU acetyltransferase
The initial velocity of bifunctional GlmU was closely associated with both the reaction time and concentration curves. were determined at various concentrations (0.05 to 5 mM) of one substrate maintaining the other substrate at xed value (0.5 mM) for 10 min under optimal reaction conditions. The xed value (0.5 mM) has been saturated for all GlmU enzymes by the pre-experiment results (data not show). All measurements were performed in triplicate and the data were analyzed by GraphPad soware program (GraphPad Soware, Inc. CA, USA).
Results and discussion
Expression and purication of Ec-G lmU and Bs-GlmU in E. coli
The Ec-GlmU and Bs-GlmU were expressed as C-terminal 6 Â His tag fusion proteins using pET21a expression vectors in E. coli BL21 (DE3). The CA tag was fused at the N-terminal of Ec-GlmU and Bs-GlmU to achieve high yield. Ec-GlmU and Bs-GlmU have shown protein bands corresponding to about 52 kDa in SDS-PAGE ( Fig. 1a and b) . Both Ec-GlmU and Bs-GlmU were expressed in the soluble fraction with a yield of about 85% aer 3 h induction with IPTG ( Fig. 1a and b) . No more target proteins was produced in longer induction time. The proteins then were puried by affinity chromatography and both purity reached 95% detected by SDS-PAGE gel ( Fig. 1c and d ).
Characterization and analysis of acetyltransferase activities of Ec-GlmU and Bs-GlmU
Elman's Reagent (DTNB) reacted with materials containing a-SH group and produces yellow TNB
2À
, which has particularly absorption at 412 nm. 38 This assay with high sensitivity was Fig. 4 Sequence alignment of Bs-GlmU and other GlmU amino acid sequence. Five GlmU from the following microorganism were selected: Escherichia coli K12, Mycobacterium tuberculosis H37Ra, Haemophilus influenzae, Yersinia pestis pesticides, Streptococcus pneumoniae. The residues in red box are those involved in acetyl transferase activities. The residues marked with asterisk are the key amino acid which was mutated in this study.
used to detect the -SH produced from AcCoA by Ec-GlmU and Bs-GlmU acetyltransferase catalysis. 38 The reaction with EcGlmU reaches equilibrium in 30 min however Bs-GlmU need 6 hours. Furthermore, the total -SH produced from AcCoA by Ec-GlmU was 2.5 fold than that produced by Bs-GlmU (Fig. 2) . The acetyltransferase activities of Ec-GlmU was similar to other reports. 47 Also, the GlmU acetyltransferase activity was tested from pH 3 to 11 and the optimal pH for both enzymes was 8.0 (Fig. 3a) . The GlmU acetyltransferase activity was observed from 20 to 80 C and there was a little difference in the optimal temperature of Ec-GlmU (30 C) and Bs-GlmU (37 C) (Fig. 3b) .
The concentration of Mg 2+ had no effect on the enzymatic activity of Ec-GlmU, but Bs-GlmU activity was optimal at 15 mM (Fig. 3c.) . According to these data analysis, the huge difference about the acetyltransferase activities between Ec-GlmU and BsGlmU illustrated that both catalysis mechanisms was not identical. Further virtual amino acid mutation on Bs-GlmU was implemented to interpret these differences.
Structural model of Bs-GlmU and virtual amino acid mutation analysis
GlmU is considered one of the most promising antibacterial drug targets because the rst reaction catalyzed by this enzyme is absent in mammals. 48 E. coli and B. subtilis are two normal models for Gram-negative and Gram-positive bacteria, respectively. Studies of GlmU form E. coli and B. subtilis are extremely instructive for the development of new antimicrobial agents. The X-ray crystal structure of the Ec-GlmU acetyltransferase active site conrmed the 2-amino group of GlcN-1-PO 4 is positioned in proximity to the AcCoA to facilitate direct attack on the thioester by a ternary complex mechanism. 31 However, the mechanism of Bs-GlmU has not been reported.
The acetyltransferase active site, dened by the binding site for AcCoA, makes use of residues from all three subunits of GlmU and is positioned beneath an open cavity large enough to accommodate the Glc-1-PO 4 acetyl acceptor.
31 The 2-amino group of GlcN-1-PO 4 is positioned in proximity to AcCoA to facilitate direct attack of the thioester by a ternary complex mechanism (based on the structure of E. coli bifunctional GlmU). 47 The Protein Data Bank (PDB) was BLAST searched for similar sequences using the target sequence (PDB ID: 3TWD-B, 3DK5-A, 2VOH-A, 3FWW-A, 1HM9-A) and the results were aligned (Fig. 4) to build a tertiary structure of monomeric BsGlmU (Fig. 5a) for homology modeling. The quality of the BsGlmU model was assessed by Ramachandran statistics 49 and Prole-3D. 50 93.2% of the total amino acids were located in the optimum region of the Ramachandran plot, with 3.4% in the allowed region and 3.4% in the disallowed region (Fig. 5b) . The compatibility score of the majority of the amino acids was greater than zero in the Prole-3D graph (Fig. 5c ). These structure evaluation analyses showed that the model represents the Bs-GlmU structure.
The result of the sequence alignment (Fig. 4) has shown that there were several cysteine residues in acetyltransferase region of Bs-GlmU, such as C380, C405 and so on. It is wonder that the disulde bonds between cysteine residues in this region affected the activity of the acetyltransferase. The model of BsGlmU binding a substrate AcCoA was simulated (Fig. 6a) . The acetyltransferase catalytic site interacts with AcCoA through a hydrogen bond between residue S362 and carbonyl group of AcCoA and through van der Waals interactions. The close distance between C380 and C405 suggested that these two residues could form a disulde bond. The resulting disulde bond has a weak interaction with the carbon atom of acetyl carbonyl group of AcCoA (Fig. 6a) . Moreover, the K m value of AcCoA to Bs-GlmU WT was calculated (Fig. 8a) as 1 .821 mM. Based on this result, it is speculated that the disulde bond formed between C380 and C405 could seriously affect acetyltransferase of Bs-GlmU. In order to verify this speculation, the puried Bs-GlmU was dialyzed to buffer S containing DTT from 5 mM to 10 mM to break disulde bonds formed by cysteine residues. The results showed that the acetyltransferase activity indeed improved in varying degrees when Bs-GlmU was dialyzed to different concentrations of DTT buffer (data not shown). It illustrated that the existence of DTT have interrupted disulde bonds formed by cysteine residues.
Based on this pre-experimental basis, virtual amino acid mutation analysis was used to design a mutant A (BsGlmU C380A ) to break the disulde bond between C380 and C405. The Bs-GlmU C380A mutant binding AcCoA model shows the negative charged sulydryl group of C405 interacts with the acetyl carbonyl carbon of AcCoA at distance 3.6Å (Fig. 6b) , which transition state is more stable than the original enzyme. Then the puried mutant protein Bs-GlmU C380A was used to determine the enzyme activity and kinetic parameters ( Fig. 7  and 8b ). Not surprisingly, the acetyltransferase activity of BsGlmU C380A was 2.6 folds high than that of Bs-GlmU WT . Moreover, reaction time of Bs-GlmU C380A to reach equilibrium phase (from 8 h to 30 min) reduced signicantly ( Table 2 ). The k cat /K m value of the Bs-GlmU C380A mutant increased 67.1 fold because of the disulde bond breakdown. The K m of AcCoA to BsGlmU C380A also decreased ( Table 2 ). All results indicated that breaking the disulde bonds formed by C380 and C405 could obviously enhance the acetyltransferase activity.
To investigate this phenomenon, mutant B (Bs-GlmU C405A ) was constructed. Surprisingly, the Bs-GlmU C405A mutant binding AcCoA model showed that the negatively charged sulydryl group of C380 released in Bs-GlmU C405A had a little longer distance (3.9Å) to carbonyl carbon atom of AcCoA (Fig. 6c) . This longer distance may not be able to improve stability of the transition state. It is predictable that acetyltransferase activities were not apparently increased. The kinetic assay experiment (Fig. 8c ) was also consistent with the modeling assay and showed only a slightly increase in activity (p > 0.05). It suggested that not only the disulde bonds formed by C380 and C405 can greatly decrease the acetyltransferase activities of Bs-GlmU, but also C405 played a key role in acetyltransferase activities of Bs-GlmU.
In order to validate this conclusion, we designed the mutant C (Bs-GlmU C405S ) which substitute cysteine with serine. Both S405 and C380 interact with the acetyl carbonyl carbon of AcCoA and increase stability of the transition state. However, the interaction force was weaker than that of the Bs-GlmU C380A mutant with a longer distance between the protein and substrate (4.0Å) (Fig. 6d) . In addition, there was a hydrogen bond between side chains S405 and C380 that affected the stability of the transition state. In the experiment, the slightly improved stability of the transition state in Bs-GlmU C405S increased slightly (8 fold) in the k cat /K m value (Table 2 and Fig. 8d ). The residue C405 replaced by A or S reduced greatly the enzyme activity which demonstrates that the residue C405 is indeed a key amino acid in the acetyltransferase of Bs-GlmU. Additionally, a double mutant D (Bs-GlmU C380A-C405S ) was constructed. In the Bs-GlmU C380A-C405S mutant binding AcCoA model, neither disulde nor hydrogen bonds formed between the 380 and 405 positions (Fig. 6e) . The close distance (3.7Å) between the hydroxy group and carbonyl carbon atom of AcCoA indicated that the C380A-C405S mutation enhanced stability of transition state compared with the C405S mutation. This distance (3.7Å) was a little longer than Bs-GlmU C380A (3.6Å).
The result of kinetic assay (Fig. 8e) was consistent with the modeling assay and showed that C380A-C405S double mutant has an increased k cat /K m value compared to Bs-GlmU WT (Table  2 ). Above results indicated that A380 could be an essential amino acid which conferred Bs-GlmU a higher acetyltransferase activity than Ec-GlmU. Finally, a comprehensive analysis conducted to all acetyltransferase activities data, this paper draws such a conclusion that C405 and A380 may act as an important role in acetyltransferase activity of Bs-GlmU. As reported by Zhang and Olsen, C385 from one monomer of GlmU interact with S405 from another monomer, which could enhance the stability of the Ec-GlmU trimer. 23, 51 Mutant E (BsGlmU V385C-C405S ) was constructed to test this interaction between amino acids. The model of Bs-GlmU V385C-C405S binding AcCoA implied that C385, S405 and C380 interact with the pantetheine of AcCoA through hydrophobic interactions. The hydrogen bonds between C385-S405 and C380-S405 also enhance the stability of the transition state (Fig. 6f) . The k cat /K m value of the mutant Bs-GlmU V385C-C405S supported the statement (Table 2 and Fig. 8f ).
Conclusion
As an essential substrate for two important biosynthetic pathways of peptidoglycan and lipid A in bacteria, studies on the GlmU enzyme has attracted increasing interests from both the industrial and the academic in recent decades. In this work, GlmU enzymes from E. coli and B. subtilis were successfully expressed and puried. Compared with Ec-GlmU and GlmU from other microorganisms, Bs-GlmU showed signicantly lower acetyltransferase activity. By analyzing the result of the sequence alignment, we predicted the structure of Bs-GlmU and constructed ve Bs-GlmU mutants by varying residues close to the acetyltransferase sites. The huge difference in acetyltransferase activity between mutants and Bs-GlmU WT demonstrated that the C405 and A380 residue may play a key role in BsGlmU acetyltransferase activity. The studies on amino acid mutation in acetyltransferase of Bs-GlmU provided an important way to comprehensive understand reaction mechanism of Bs-GlmU and set up a platform for the future research on GlmU enzyme in other Gram-positive microorganisms. This work supported the development of GlmU inhibitors to potential new anti-bacterial drugs. 
